using microreactors, digitization with a droplet technique, polymerase chain reaction (PCR), cell-based assays, organ-ona-chip systems, single cell analysis, or point-of-care and water safety. Since μTAS is an enabling technology, it is necessary to continuously improve the analytical performance by exploiting its inherently short diffusion distance and high surface-tovolume ratio, which translate to minimal consumption of samples/reagents, fast analysis time, system portability, and minimal use of space. This specific aspect has led to the progression of this field toward commercialization.
Miniaturization of biochemical assays is an important direction for the μTAS field. Significant improvement of bioanalytical microdevices is extremely vital to advancements in other fields such as systems biology, drug screening, and clinical/medical diagnostics. The field of systems biology requires evaluation of the inter-related biochemical network between groups of proteins/nucleic acids/metabolites/electrolytes in a given state of cells or organisms. In contrast, drug screening studies biological responses such as changes in enzyme activity in a drug-treated biological system. Furthermore, detection of disease biomarkers at early stages of disease progression is desirable in the field of biomedical diagnostics. All of these applications require the simultaneous multiplex analysis of various biological materials in a given sample.
Multiple analyte sensing microdevices for clinical and biomedical applications have flourished in recent years. In general, potential applications for microchips have been demonstrated through various analytes, including viruses, 10, 11 disease biomarkers, [12] [13] [14] environmental pollutants, [15] [16] [17] proteins and enzymes, [18] [19] [20] [21] [22] mammalian cells, [23] [24] [25] and antibiotics. 26 These involve various bioanalytical assays such as hybridization, immunoassay, and cell/viral analysis. Many of these microfluidic platforms have been used in the analysis of similar groups of biomaterials; however, in real samples, other chemical or biological components are present. The investigation of various types of analytes may result in a more convincing holistic analysis of certain biological or environmental samples. Other researchers have demonstrated the simultaneous multiplex analysis of different components of a sample solution. [27] [28] [29] [30] [31] [32] [33] Martinez et al. pioneered and developed the simultaneous analysis of protein and glucose by using paper-based microfluidics. 27, 28 Moreover, Roda et al. demonstrated a portable device for the simultaneous analysis of alkaline phosphatase activity, nucleic acid hybridization assay for Parvovirus B19 DNA, and immunoassay for horseradish peroxidase by using chemiluminescence lensless imaging. 30 These are excellent examples of multi-parametric applications with great consideration to the aspects of portability and pointof-care application. However, its limitation rests on the bioassay's inherent procedural steps. Some bioassays are single-step, while others consist of multiple steps that may include washing and incubation steps. Incorporation of all of these steps into a single microdevice may be very complicated, especially for point-of-care and clinical settings.
In this short review, we provide an overview of the development and implementation of a capillary-assembled microchip (CAs-CHIP) system for simultaneous multiplex bioassay in a single microfluidic device. Unlike other microfluidic biosensors, the CAs-CHIP system offers simple integration of different and plural sensing conduits without considering the crosscontamination problem due to the surface modification requirement of each sensing conduit during the modification process. Moreover, CAs-CHIP takes advantage of capillary action for sample introduction into each capillary biosensor that leads to facile fluid handling. Finally, the square structure of the glass capillary allows simple and easy embedding into PDMS channels and simpler positioning of the detection light without diffuse reflection, which commonly occurs at the cylindrical-shaped conventional capillary surface. This review covers all publications related to CAs-CHIP and its component, square glass capillary biosensor, from 2004 to 2013.
Capillary-Assembled Microchip (CAs-CHIP)
The CAs-CHIP system is a microdevice composed mainly of modified square glass capillaries with independent functions for biosensing, fluid handling, and separation. In this section, we present the development of various components and operations of the CAs-CHIP system for multiple analyte biosensing.
2·1 Fabrication
The assembly of a CAs-CHIP system involves the integration of a square glass capillary (100, 300 μm) on a polydimethylsiloxane (PDMS) square microchannel (300 μm) with the same dimensions as the outer diameter of the square glass capillary. 34 Figure 1(a) depicts the general fabrication of the first-generation CAs-CHIP. The lattice PDMS microchannel network is fabricated with the commonly used soft lithographic technique. Once all of the functional capillaries are embedded, a PDMS cover is used to seal the whole microchip. This type of sealing allows the filling of any small gaps created by the imperfect square capillary, as shown in Fig. 1(b) . Thus, a leak-free CAs-CHIP system possessing both hydrophobic PDMS microchannels and hydrophilic square glass capillaries was developed.
2·2 Fluid handling and manipulation 2·2·1 Active fluid actuation by temperature-responsive monolithic valving capillary Integration of the valving unit operation inside a microfluidic device is important for microfluidic handling. This type of flow control operation allows fluid to flow to a specific area of the microchip while operations on other parts of the microfluidic device are performed. In this case, we demonstrated the integration of two valving capillaries, based on a temperaturesensitive polymer, into the CAs-CHIP system (Fig. 2 ). This was accomplished by using a temperature control Peltier device on the valving capillaries that permits the opening and closing of the valves within 1.4 and 3.2 s for heating and cooling, respectively. 35 The continuous flow of fluid from a particular part of CAs-CHIP with the other capillary valve closed was demonstrated. These valving capillaries were cointegrated with an enzyme reactor capillary in single CAs-CHIP systems to demonstrate "stopped-flow" analysis.
2·2·2 Active and passive fluid actuation by "drop-and-sip"
The "drop-and-sip" fluid handling technique depends on the CAs-CHIP surface properties, which in turn are influenced by the hydrophobic PDMS and hydrophilic glass capillary microchannel surfaces. In this technique, a microliter droplet of sample solution is dropped on the inlet hole and sipped onto the other hole through simple pipetting (active fluid actuation). 36, 37 The fluid enters the main PDMS microchannel, which passes through the edges of different hydrophilic sensing glass capillaries, and a nanoliter volume of sample solution is spontaneously distributed into each of the reagent-release capillaries (RRC) through capillary action (passive fluid actuation) (Fig. 3) .
This fluid handling technique was successfully implemented with a sample plug-RRC contact time of 0.6 -2.4 s, without reagent leakage. The evaporation problem on both ends of RRCs was prevented by using PDMS oil that spontaneously flowed into the hydrophobic PDMS microchannels of the CAs-CHIP.
Capillary-Assembled Microchip (CAs-CHIP) Applications
The intended application of this CAs-CHIP device is to integrate various functional capillaries for different uses onto a single microfluidic device, where the parallel integration of different biosensing capillaries is advantageous for simultaneous multiplex bioassays. Interestingly, different biosensing mechanisms that have proved challenging to apply to conventional microchips could be integrated into the CAs-CHIP system. In this section, various examples of CAs-CHIPs that are used for biosensing and microchip electrophoresis are described.
3·1 Multiple analyte sensing 3·1·1 Ions
Ion-sensing capillaries for calcium and pH measurement were the first capillary biosensors developed for CAs-CHIP. 38 This ion-sensing conduit, with ion-selective optode membranes on the four corners of the capillary, is based on the ion-pair extraction mechanism. In this process, the ionic species from the sample solution are extracted by the organic membrane phase by selectively binding with an ionophore. Consequently, protons from the lipophilic pH indicator dye are released into the aqueous solution, and fluorescence signal from the membrane increases. Another example of ion-sensing was demonstrated by the indirect sensing of urea that involved measuring the enzymatic reaction product of ammonium ions by using a capillary with an ion-selective optode membrane responsive to various concentrations of ammonium ions (Fig. 4) . 39 Further development of additional ion-sensing capillaries based on the same mechanism have been characterized, and multiple ion sensing on a single microchip has been demonstrated. 38 The hydrophobic nature of the ionselective optode membrane, however, could limit the application of the simple "drop-and-sip" fluid handling technique, which requires introduction of sample solutions into the capillary via capillary action. To address this, we have developed an ionsensing capillary based on a dry-reagent technique that has been termed as an RRC. 36, 37 The RRC is fabricated by introducing the ion-specific fluorescent reagent with polyethylene glycol (PEG) into the bare square glass capillary using a syringe pump. The PEG acts as a scaffold that holds the reagent on the four corners of the capillary. The detection mechanism is simple; the sample solution containing the ionic species enters the capillary and the flow creates a convective flow that facilitates the dissolution and reaction of the ion-specific fluorescent reagent with the ionic analytes and then diffuses within the capillary to afford a uniform fluorescence response (Fig. 5) . To date, the dry reagent-based RRC is one of the most important capillary biosensors for the CAs-CHIP system.
3·1·2 Enzyme activity
The first application of RRC was not only demonstrated for ion-sensing but also applied to sensing of enzyme activity. The mechanism of detection is the same, with the exception of the immobilized reagent, where a peptidyl-fluorescent dye molecule is immobilized instead of an ion-selective fluorophore. The molecular probe is cleaved by the enzyme present in the sample solution, liberating the fluorescent dye molecule. 36 Enzyme activity-sensing capillaries have been implemented to analyze the effect of doxorubicin drug on HeLa cell lysate. In this CAs-CHIP system, two different sample solutions, untreated and doxorubicin-treated HeLa cell lysates, were analyzed simultaneously, with 2 sets of 10 different enzyme activitysensing capillaries that were designed to interrogate and investigate the drugs' effect on cell death or apoptosis (Fig. 6 ).
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3·1·3 Metabolites
The metabolite-sensing capillary is an extension of the RRC concept. Instead of an organic analyte-specific fluorescent dye reagent immobilized inside the capillary, an enzyme is immobilized together with PEG on the four corners of the capillary. [41] [42] The first demonstrated application of this method was in the analysis of glucose and fluorescein-β-Dgalactopyranoside by using an enzyme-release capillary (ERC). This capillary is stable for at least 15 days when stored at temperatures of about -18 C. 41 The combination of an ionselective optode membrane and an ERC has been explored for urea analysis, according to the sensing mechanism as described in the previous section of this review. 39 Most recently, we have successfully analyzed both glucose and cholesterol in serum samples by using the ERC technology. 42 Furthermore, an electrochemical detection system embedded into the CAs-CHIP system has been demonstrated for glucose analysis. 43 
3·1·4 Immunoassay
Immunoassay is an important bioassay for biodiagnostics, and we have, therefore, investigated the development of an immunoassay system in a square glass capillary format for CAs-CHIP integration. The multi-step bioanalytical method of enzyme-linked immunosorbent assay (ELISA) allows for the sandwich immunoreaction of antigen by two types of antibodies (monoclonal and polyclonal). We have, thus, adapted ELISA methods for the development of a capillary immunosensor that could lead to a more specific and sensitive bioassay. Optimization and characterization of this capillary immunosensor has been demonstrated. 44 Moreover, simultaneous multiple capillary ELISA was carried out in a single CAs-CHIP system with valving operation. 45 Using a thermal lens microscope, simultaneous detection of human, chicken, and goat antigens was measured. The on-chip CAs-CHIP results with valving function were determined to be comparable with the results of off-chip capillary immunosensor detection (Fig. 7) . Furthermore, the development of a capillary sensor for highly sensitive detection of thrombin-cleaved osteopontin, a potential biomarker for ischemic stroke, in human plasma has been demonstrated. 46 Multi-step ELISA requires a longer analysis time because of the multiple washing steps and incubation intervals; therefore, we have made several efforts to decrease the number of steps by using the combination of RRC with antibodies immobilized on the inner surface of the capillary. [47] [48] Despite these efforts, a purely single-step and robust immunosensing mechanism needs to be developed for real sample application for eventual integration with other biosensing capillaries in a single CAs-CHIP.
3·1·5 Simultaneous multiplex sensing
The combination of the dry reagent-based RRC biosensors and "drop-and-sip" fluid handling technique allowed for the simultaneous analysis of four different enzymes (trypsin, chymotrypsin, thrombin, and elastase) and ions (Ca 2+ , Zn 2+ , Mg 2+ and pH) by using the CAs-CHIP (Fig. 8) . 36 This was accomplished by using 2 μL of sample solution.
The second generation of CAs-CHIP (CAs-CHIP 2G) was presented as an open-type CAs-CHIP by simultaneously analyzing alkaline phosphatase, cholesterol, glucose, and pH of serum samples. 42 The CAs-CHIP 2G is simply fabricated by embedding the capillary biosensors onto the black PDMS microchannel without the PDMS cover used in the previous CAs-CHIP. Thus, more reproducible chip fabrication and simple fluid handling were achieved (Fig. 9 ).
3·2 Microchip capillary electrophoresis
The first demonstrated application of the CAs-CHIP for microchip capillary electrophoresis was using the combination of an on-line sample pretreatment part followed by electrophoretic separation (Fig. 10) . 49 The pretreatment principle depends on the difference in the diffusion coefficient of the protein and small molecule in a confluent flow of two different fluids. This diffusion-based deproteinization was successfully demonstrated by separating the bovine serum albumin-fluorescein conjugate with sulforhodamine and rhodamine B. Moreover, our group explored the combination of the dry reagent-based RRC with a capillary isoelectric focusing (cIEF) technique. The first application of this method was in a rapid screening device for IEF condition optimization, wherein three different carrier ampholytes with different isoelectric point (pIs) ranges were used to optimize the conditions for hemoglobin AFSC mixture analysis (Fig. 11) . 50 A second application was for the combination of ELISA-cIEF by synthesizing a new fluorescent dye that reacts with the alkaline phosphatase-labeled antibody to produce an organic fluorescent molecule with pI. In this case, the final enzymatic reaction products of capillary ELISA are concentrated by IEF to give highly sensitive signals for proteins. 51 
Conclusions and Future Prospects
CAs-CHIP technology has proven to be a simple bioanalytical tool for simultaneous multiplex bioanalysis. The integration of independent functional capillaries into a single microfluidic device is the main factor that renders this microchip unique and useful. The RRC, a capillary biosensor that is based on dryreagent storage, is a very practical capillary technology because it requires minimal quantities of samples and reagents. The development of single-step capillary immunosensors needs to be continued in order to combine other single-step bioassays into a single CAs-CHIP and eventually achieve multiple analyte sensing. Furthermore, an increase in the number of capillary biosensors in a CAs-CHIP system opens another avenue for improvement. This will obviously increase the throughput and would therefore be more practical when considering the time and costs for analysis. This could be achieved by simply arraying the square glass capillary without the PDMS microchannels, which could be amenable for mass production. This next-generation CAs-CHIP may also be of use for multiple capillary electrophoresis. The square glass capillary is a promising material for biosensing; however, most multi-step bioassays require immobilization of two different reagents, and this is difficult to achieve with the glass capillary because of the possibility of premature reaction and contamination. To address this problem, we have developed combinable PDMS capillary (CPC) technology. [52] [53] [54] In this capillary biosensor, different reagents can be immobilized independently because the CPC is an assembly of two PDMS microstructures. Overall, it is important to explore new biosensing mechanisms, develop simple fluid handling techniques, and improve the fabrication and design of the micro analytical device to ultimately achieve simultaneous multiplex bioassay capabilities.
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